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ABSTRACT 

There is a great interest in the strength of fillet welds 
because the welding operation accounts for about 30% of the labor 
cost in planning and constructing ship hulls. One way to reduce 
welding cost is to reduce the required weld size. Background 
information is obtained by reviewing the major experimental and 
theoretical work in the areas of static strength, fatigue strength, 
and shear strength of fillet welds. 

In order to appreciate the conditions in the real world, design 
considerations, fabrication considerations, and corrosion considera- 
tions are discussed. Typical joints from existing U.S. Navy ships 
are employed to obtain detailed geometry and local loading infor- 
mation to be used as input for a computer model which was developed 
at Massachusetts Institute of Technology which uses the finite element 
method for determining the static strength for fillet welds. In one 
particular joint a reduction of 30% in the required weld size is 


justified. 





A future system for analyzing fillet weld strength is proposed 
and explained by the use of an example. 

The economics of intermittent and continuous welds are 
examined, and the economic impact that a reduction in the required 


fillet weld size would have on ship construction cost is estimated, 
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I INTRODUCTION 


Presently there is great interest in the strength of fillet 
welds. Most of this interest stems from the fact that welding 
cost is a very important variable in the total construction cost 
of a ship's hull. The welding and assembly of ship hulls require 
approximately the same number of manhours, and these two functions 
combined amount to about 60% of the total manhours for the comple- 
tion of the hull Senn This indicates that the welding 
operation accounts for about 30% of the labor cost in planning 
and constructing ship hulls. If we look at the total linear 
measure of the welded joints employed in ship construction, we 
find that approximately 75% of these welds are fillet welds.“ 

Since one way to reduce welding cost is to reduce the required 
weld size, the big question becomes "Are current welding specifi- 
cations too conservative?" In order to answer this question, we 
must explore the strength of fillet welds. Many of the welding 
specifications were developed many years ago, and the history of 
their development is not clear. Some resemble the specifications 
that were used when rivets were used to join structural members 
in ships. 

To provide background information, this work will attempt to 
present the major experimental and theoretical work in the field 
of fillet weld strength. The main areas that will be discussed 
are static strength, fatigue strength, and shear strength of 
fillet не145. 


Then we will move from the theoretical environment to the real 
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world and discuss the design considerations and fabrication 
considerations that will help to bridge the gap between the ideal 
theoretical model and the joint, as welded, that can be found in 
every location on a ship. 

Before discussing the current welding specifications for 
the construction, we will look into the future and develop a 
system for analyzing fillet weld strength that is capable of 
taking into account all of the factors which affect the strength 
of fillet welds. 

At this point, it might be beneficial to look at Figure 1.1, 
which shows how all of the different aspects concerning the 
strength of fillet welds are related to one another. 

We will take a brief look at the current welding specifications 
for the construction of ships as used by the United States Navy 
for non-combatant type ships and compare these specifications to 
the requirements of other organizations that are interested in 
the construction and safety of ships. The U.S. Navy specifications 
are neither the most conservative nor the most liberal requirements. 

In order to evaluate these specifications, we will examine 
some typical fillet welded joints that are found on non-combatants. 
Two ship types were chosen to study. These were a destroyer 
tender (AD-37 class) and an oiler (AO-143 class). 

The typical joints were taken from the midship section of 
these ships because the principle bending stress reaches a 
maximum in this area. Once the joints are selected, the loading 


of the structural members of the joint will be determined by 
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structural analysis. Having obtained the loading of these members, 
we can then analyze the strength of the fillet welded joints by 
employing a computer program based on the finite element approach. 
From this we can determine the size of weld that is required for 
static strength considerations. Another aspect that we will 
examine is the corrosion margin that should be included in the 
requirements. 

By following the diagram shown in Figure 1.1, we can then 
compare the resulting required weld size to the current specifi- 
cations, and then we can answer the question, "Are current welding 
specifications too conservative?" 

One of the reasons that people are concerned whether the 
specifications are too conservative is the economics of ship 
building. In order to determine the most economic method of 
joining low shear carrying stiffeners to bulkheads or decks, we 
will examine the cases where current welding rules permit the use 
of intermittent fillet welds. The welding methods that will be 
compared are continuous manual arc welding, manual intermittent 
welding, and automatic continuous welding. The two approaches 
that will be used in this study are an experimental approach and 
an industrial data approach. 

To probe the economics of welding in the construction of 
ships further, we will look at a rough first cut answer to the 
question, "How much can we save if the welding requirements can 
be reduced?" 


It is much too early in the study to give a precise answer, 
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but the indication is there that potential savings are waiting to 
be discovered. 
And finally, we will review the conclusions of this work and 


look at possible areas of future work in the study of strength of 


N 


fillet welds. 
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II EXPERIMENTAL AND THEORETICAL WORK CONCERNING STATIC STRENGTH 


In this section, we will review some of the experimental 
and theoretical work that has been done in the area of static 
strength of fillet welds. In order to study the effect of the 
direction of applied load on the strength of fillet welds, Butler 
and Kulak? ran some experimental tests and analyzed their data 
theoretically. 

Their tests were conducted using 23 coupons with 1/4 inch 
fillet welds. They divided these coupons into four groups. The 
first group consisted of five coupons with the weld axis being 
parallel to the direction of the applied load. Groups two, three, 
and four were made up of six coupons each with the weld axis being 
inclined at angles of 30, 60, and 90 degrees respectively to the 
direction of the applied load. The material used in the fabri- 
cation of coupons was CSA G40.12 which has a specified yield 
stress of 44 ksi and a minimum tensile strength of 62 ksi. 

AWS E 60XX electrodes were used for welding the coupons. In 
order to assure weld failure before rupture of the plate portions 
of the coupons, the cross sectional area of the connected parts 
was designed sufficiently large. Since uniform quality was 
desired throughout the various coupons, all welding was accom- 
plished by the same operator using electrodes from the same lot. 
In addition, the start and finish of all welds were sawed free. 

A schematic representation of the test coupons is presented 
in Figure 2.1. 


During the tests, weld deformation was measured using two 
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0.001 inch dial gauges fastened to each specimen. An electro- 
mechanical testing machine with a capacity of 440,000 lb. was 
used to load the coupons in tension. Reading increments were 
5 kip in the lower ranges and 2.5 kip as the response became 
inelastic. Readings were taken until the ultimate load was 
reached. Gauges were removed before loading was continued until 
failure. 

Butler and Kulak? chose to analyze their experimental data 
employing a load-deformation response for mechanical fasteners 


of the following form: 


^ 
~HA 
В, (1 - e ) (2,1) 
Where: 
R = fastener load at any given deformation 
R 1+ = ultimate load attainable by fastener 


A = shearing, bending, and bearing deformation 
of fastener and local bearing deformation 
of the connected plates 


M, A = regression coefficients 
е = Базе of natural logarithms 
For welded joints, in contrast to a mechanical joint such as 
a high strength bolt, one has to take into account the direction 
of the applied load. Trial-and-error curve-fitting was used to 


obtain the following expressions for the variables in equation 


(аша). 
В.о 
Rit 0.92 + 0.06036 (2.2) 


-0.47 


А max 7 0:225 (0 + 5) (2.3) 





cx 


4 = 75 «0:01149 


A = 0.4 e0- 1466 


(2.4) 
75) 
Where: 


0 = the angle between the direction of the applied 
load and the longitudinal axis of the weld. 


A word of caution is justified. These expressions were 
developed specifically for 1/4 inch fillet welds made using E 60XX 
electrodes; and, therefore, care should be used before applying 
these to other size welds or welds using different electrodes, 

Equation (2.2) is plotted in Figure 2.2, and equation (2.3) 
is plotted in Figure 2.3. Table 2-1 compares test results and 
predicted values for the ultimate load and the maximum deformation. 
The calculated ultimate loads are within 2% of the mean test data 
for all groups except the 60 degree group which is within about 9%. 

Substituting equations (2.2) - (2.5) into equation (2.1) 
yields results which are plotted in Figure 2.4. Butler and Kulak 
stated that agreement between the theoretical and actual load 
deformation responses is excellent for the two extreme cases 
(@ = zero and 90 degrees) and adequate for the two intermediate 
angles of 30 and 60 degrees. 

The strength of the fillet welds tested increased approxi- 
mately 44% as the angle of the load changed from zero degrees 
(longitudinal weld) to 90 degrees (transverse weld); however, 
there was a substantial decrease in deformation capacity as the 
strength increased. 


This study produced the following conclusions:? 
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"1. The strength and ductility of fillet welds loaded in 
shear are markedly dependent upon the orientation of 
the weld with respect to the line of action of the load. 
Welds placed parallel to the direction of the load have 
the lowest strength and the highest ductility. 


"2. Fillet welds loaded in shear do not exhibit any well- 
defined yield point. 


"3, The load-deformation response of fillet welds cannot 
be generally represented as elastic or elastic- 
perfectly plastic. Mathematical expressions have 
been presented for all values of weld inclination 
to the direction of the applied load." 
Another study related to this one was done by Kato and 
ra," who studied the strength of transverse fillet welded 
joints theoretically by employing an approximate solution based 
on the theory of elasticity and supplemented this by an elastic- 
plastic strain hardening analysis performed numerically using the 
finite element technique. The approximate solution is based upon 


the following assumptions: 


1. The direct stress (q) on the tensile face of the weld is 
uniformly distributed. 


2. The pattern of the elastic stress distribution remains 
unchanged until the breaking of the weld. 


3. Breaking will occur when the shear stress at a point of 
the fillet weld reaches 


паў. h3 
Where: 
а = the tensile strength of the weld metal 
Ц. The fillet weld has legs of equal size. 
The model used for this study is shown in Figure 2.5. 
The maximum strength of a transverse fillet weld was found 


to bes 
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FIGURE 2.5. TRANSVERSE FILLET WELD 
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Ty пах = (1 - n/h) (sinó n/8) a, 07/43 
The oblique plane RP in the above figure which is normal 
to the coordinate line Ө = 11/8 is considered to be the fracture 
plane. 
For the longitudinal fillet weld, the critical section would 
be the throat RQ. And the maximum strength of a longitudinal 


fillet weld with the same size and length is: 


ED max Е a v3 
Therefore we obtain 
иг ae 1.46 Ti E 


This indicates that transverse fillet welds аге 46% stronger 
than longitudinal fillet welds of the same size and length. 

Since assumptions as stated above are not precise, the 
researchers applied a numerical analysis employing the finite 
element method to extend the study to the elastic-plastic strain 
hardening range. Incremental strain theory is the basis of this 
analysis, and the material is assumed to be isotropic and ductile 
and obey the von Mises yield condition with the Prandtl-Reuss 
loading function. The results from this analysis and experimental 
test results agree with the result from the elastic approximate 
solution in spite of its theoretical shortcomings. 

Another study concerning the strength of fillet welds was 
done by Nishida, Tanaka, and о These investigators ran 
tests on what is called a "SUMI FRAME V." When a V shape is used 
as a flange in a modified I beam, the resulting angle between the 


two members becomes 35 This result exceeds the value prescribed 
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in the design standards for steel structures by the Architectural 
Institute of Japan. However, the V-shape steel has advantages 

in dynamics because of its excellent sectional abilities for Y 
axis. In using these members to build up columns or beams, one 
can minimize the welding strain because of the provision of a 
V-shaped projection. The general form of these V-shaped steel 
members is shown in Figure 2.6. 

Experiments were performed to determine whether the fillet 
weld used in the build-up members of V-shape steel causes any 
degradation of the joint. Examples of the test specimens are 
shown in Figures 2.7 and 2.8. 

The researchers pointed out that the test involving the 
front fillet welded with strap plates results in various influences 
due to friction between the base metal and the strap plates; thus, 
the test results were inconclusive. Tests for the front fillet 
welded joint was performed by the cross type joint, which is 
considered by some to be inferior to strapped joints in strength. 

The weld sizes were chosen in such а way to equalize the 
sum of the theoretical throat depth to a nominal thickness of 
base plate. The welding procedures that were employed included 
manual arc welding, automatic submerged arc welding, and one-side 
and both-sides fillet welding. 

Nishida, et al, reached the following conclusions 1? 

1. The shear test for side fillet weld and the tensile 

test for front fillet weld showed that the strength 
of the welded part was always above the allowable 
shear stress of the base metal. (This value was 


obtained by multiplying the allowable tensile unit 
stress of the base metal by 1/43) 


мн 
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FIGURE 2.7. SHEAR TEST PIECE OF SIDE FILLET WELD 





FIGURE 2.8. TENSILE TEST PIECE OF FRONT FILLET WELD 


2. The experiments proved that, when the V-shape steels 
(produced by their factory) are connected by fillet 
welds, the resulting members are completely satis- 
factory for the welding methods investigated. 

These same investigators continued experiments for cases 
where angles between the welded materials are wider in order to 
collect data on the overall strength of deformed fillet welds. 
The three welding methods were manual arc welding, CO, semi- 
automatic welding, and automatic submerged arc welding. Weld 
penetration depth P (in mm) was correlated to the intersecting 
angle O (in degrees). It was found that weld penetration depth 
increased proportionally to an increase in the intersection angle 
until a constant value was reached. The following relations were 
5 


obtained for different welding conditions. 


1. Manual Arc Welding 


at 45° < @ < 120° P = 0.0423 0 - 3.67 
at @ > 120° P = 1.40 

г. CO, Semi-automatic Arc Welding 
at 45% < 9 « 90° P = 0.0849 0 - 5.43 
at @ > 90° Р = 1.97 


3. Automatic Submerged Arc Welding 


at 45° < @ < 90° Р = 0.0577 9 - 2.36 


y P = 2.6 


ал, Ө > 90 
It was found, however, that at an intersecting angle of 30° 
an extremely large reduction of weld penetration occurs in all of 
the above methods. 


The test pieces used to determine weld strength at various 


intersecting angles can be viewed in Figure 2.9. 
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The investigators compared the strength of welds at various 


angles to the standard 90° angle which is widely used. A plot of 


the angle of intersection and the breaking stress extent ratio is 


shown for both the theoretical throat depth and for actual throat 


depth in Figures 2.10 and 2.11. 


The strength of welds at angles of greater than 120° will be 


completely satisfactory if the workmanship is of good quality. 


Ductility was also checked and the experimenters concluded 


that the welded specimens for 9 > 120° had sufficient ductility. 


Nishida, et al, also performed tests on test pieces that 


are shom in Figure 2.12. 


They also worked out some formulas based upon maximum principal 


stress theory, maximum shear stress theory, and shear strain energy 


The following assumptions were made: 


theory. 
Е. 
6%. 
3. 
When the 


shear force T 


2 


Breaking takes place on one plane which passes 
along the root. 


Stress in breaking times is distributed uniformly 
on the breaking section. 


The shape of the deformed fillet weld is as’ shown 
in Figure 2.13. 


acting force P is decomposed to normal force N and 
on the breaking section of the fillet weld, we have 


ре т 


cos r 


the overall section area of breaking section is 


sec (2 - r) 
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FIGURE 2.10 
RELATION BETWEEN INTERSECTING ANGLE 
AND TH UNIT BREAKING STRESS 
(THEORETICAL THROAT DEPTH) 
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FIGURE 2.13. SHAPE OF DEFORMED WELD 








2? 


Therefore, the normal unit stress on the breaking section is 


Оу = —22E— - L cos (5 - г) 277 


а 1 зес (5 -r) ° š 


Where: 

9 = intersecting angle 

T = breaking angle 

7; = normal stress to breaking section 


= parallel shear stress to breaking section 


2 
™ 
| 


throat depth 


w 
ІІ 


ES 
I 


welding length 


The unit shearing stress on the breaking section is 


_ P cos r m е. 
О7/ Ex e. eos (5 r) соз г 
a l " sec (5 - г) 


Using the maximum principal stress theory that assumes that 
breaking takes place when the amount of work spent to attain 
deformation reaches a definite value, the maximum stress in the 


throat section is 


P. Е u р 2 : Жэ агт, 
cos (3 - 2) [cos ca 1 + 3 cos r | 


sn = tensile strength of welded metal 


has to be obtained from the following trans- 
cendental function 


sin (5 - r) 3 cos r sin М1 + 3 cos r cos r 


o 


cos (5 - г) VU 2 IX СОВ” т» сіп т 


Using the maximum shear stress theory which assumes that the 


5 
l! 





breaking takes place on a section in which the shear stress becomes 
maximum, the maximum unit stress per unit throat sectional area is 
Р 1 
al 5, k... (5 - r) cos r 
Where: 
ие. = shearing strength of welded metal 
And 


п (07-2"1, 0 ) 


NIS 


ppt 
And using the shear strain energy theory which assumes that 

the breaking takes place when the amount of work spent to attain 

the deformation reaches a definite value g~, the maximum unit 


stress in the throat section is 


Ed x A + 2 cos T * COS (8 - г) 
Where: 


Ge = is put equal to g the tensile strength of 
the welded metal, 


т = раз to be obtained from the following 
transcendental function 


tan (5 - г) = 
я th ' . 
And using the theory proposed by I.1.W. 15 committee which 
has no relation to the other breaking theories, but, in which 
And the unit stress per unit throat sectional area at the time 


of breaking is 


Leg РИ... 
E ^ cos (5 - r) 4l * 0.8 cos“ r 
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These investigators found that in the case of a deformed 
front fillet weld, the maximum principle stress theory is the 
most applicable theory. They also calculated the theoretical 
throat depth required to assure the same strength as a standard 
manual arc weld with 5 mm diameter welding rod, an intersecting 
angle of 90” and a theoretical throat depth of 5 mm (7.1 mm size). 
This relation is presented in Figure 2.14, 

Nishida, Tanaka, and Tanaka drew the following conclusions 
from their work: 
1. The depth of weld penetration varies proportionately 
with the intersecting angle until a constant value is 
reached. However, a 30° intersecting angle yielded a 
weld with extreme deficiency of weld penetration for 

every welding method. 

2. The weld strength of an intersecting angle of 30° was 
extremely low; however, the weld strength of angles 
above 45% was good. 

3. Ductility tended to increase with an increasing inter- 
secting angle; however, rigidity was scarcely influenced 
by a change in intersecting angle and remained almost 
constant. 

4, In deformed fillet welds, the mean strength per unit 
throat sectional area increased as weld penetration 
increased; however, when the weld penetration reached 
a definite value, the mean strength became constant. 

Now that we have looked at some of the results of work that 

has been done in the area of static strength of fillet welds, 


we will look at another area that deserves some serious considera- 


tion; that is the area of fatigue. 
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III EXPERIMENTAL AND THEORETICAL WORK 
CONCERNING FATIGUE STRENGTH 


In this section, we will review some of the results of work 
that has been done in the area of fatigue strength of fillet 
welds. In one such study, Macfarlane and НІС performed 
experiments using test specimens as shown in Figure 3.1. 

In "гол of these test pieces, all the welds were 
made using the downhand position, and the welding start and stop 
positions were removed by machining. 

The specimens Were tested using a pulsating axial loading in 
which the lower limit was zero. And the criterion of failure was 
the complete rupture of the test piece whether the failure occurred 
through the fillet weld or the base plate. 

It is generally known that the fatigue strength of welded 
connections is independent of the tensile strength of the material 
employed in the connection. The investigators noted that when 
a weld failure occurred, the crack propagated from the weld root 
at right angles to the main plate until the final stages of 
propagation when the crack turned through Dos and proceeded 
through the weld throat. Therefore, in this study, the weld 
stresses were based on the leg size and not on the throat size 
which is usually the case in static strength investigations. 
Because it is very difficult to measure the weld size accurately, 
nominal weld sizes were used. This was estimated to introduce 
less than a 10% error. It became apparent that the ratio of 


weld size to the main plate thickness (2W/T) is the deciding 
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factor as to where the failure will occur, If this value is low, 
the failure will propagate from the root of the weld; and, if 
the value is high, the failure will propagate from the toe of 
the weld. The optimum values of 2W/T were found to be 1.5 for 
the cover type joints and 2.0 for the T-type joints. 

Also, there is a relationship between joint geometry and 
failure location. This is demonstrated by the fact that the cover 
plate type joints had 88% of their failures in the weld; whereas, 
in the T-type joints, all of the failures occurred in the weld. 

In another study, Sollumsmoen" investigated the fatigue 
strength of specimens with holes, butt welds, and fillet welds. 
Included in the study were both mild and high tensile strength 
structural steels. The tests were performed in Det norske Veritas 
Laboratory. The test piece employed for fatigue tests of fillet 
welds is shown in Figure 3.2. 

It was found that for fillet welded joints, both mild steel 
and high strength steel can be represented by the same S/N curve, 
Also the fatigue strength of double fillet welds does not increase 
significantly using basic iron powder electrodes instead of ordinary 
basic electrodes. For more detailed data, the reader is referred 
to reference 7. 

Since fatigue strength is a major factor in fillet welds, 
and it is difficult to alter the design to either avoid fillet 
welds or place fillet welds in areas of low stress, there is much 
interest in methods that may improve the fatigue strength of joints. 


Ihe Welding Institute Research NOTOS conducted some experi- 
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ments to determine the effect of peening and grinding on the 
fatigue strength of fillet welded joints. The test pieces had 
non-load-carrying attachments fillet welded either parallel to 
or transverse to the direction of the applied stress. These 
specimens were fabricated in such a manner that the direction of 
stressing was parallel to the rolling direction of the material. 
A sample of the test pieces can be seen in Figure 3,3. 

To study the effect of peening, the samples were peened with 
a pneumatic hammer fitted with a solid tool having a rounded end 
of approximately 1/2 inch diameter, This hammer was moved along 
the toe of the weld at a speed of approximately 18 inches per 
minute, Usually three runs of peening were required on each 
specimen to ensure that the whole length of the weld toe was 
subjected to the peening treatment, 

Two types of local machining were also studied. The first 
consisted of grinding only at the weld toe. This grinding was 
carried out to ensure that the grinding marks were parallel to 
the direction of the stress. The second type of machining 
involved machining the whole weld to yield a concave profile and 
a smooth blend of the weld into the plate surface, The goal of 
this treatment was to obtain the maximum possible increase in 
strength that could result from machining. 

During the testing, all specimens were axially loaded with 
one of the following stress cycles. Either the test piece was 
loaded with a pulsating tension with a lower limit of zero or 


an alternating load with the minimum and maximum stresses equal 
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іп magnitude but opposite in sign. The criterion of failure was 
the complete rupture of the test piece. 

Some of the samples were fabricated with welds around the 
ends of the gussets while others were left with the ends unwelded. 
It was found that the fatigue strength of these two types of 
samples were the same for the non-load-carrying longitudinal 
fillet welds. The fatigue strength of samples was found to 
increase for both the peening treatment and local machining. 

The increase in strength grew larger as the life increased for 
the case of peening; whereas for the local maching operation, 

the increase was about the same for the whole range examined. 

The test results showing the effects of grinding and peening 

for mild steel specimens with longitudinal and transverse gussets 
are shown in Figures 3.4 and 3.5 respectively. 

In the tests employing pulsating tension, it was found that 
peening increased the fatigue strength by about 75%, while with 
both pulsating tension and alternate loading, the full local 
grinding operation increased the fatigue strength by about 50% 
in all cases except that of mild steel specimens with transverse 
fillet welds which yielded nearly 100% improvement over the as- 
welded condition. Even though this is less increase than that 
obtained from peening, the difference in the slope of the S/N 
curves for peened and ground specimens accounts for the fact that 
grinding was found to be more effective than peening for tests 
in which the number of cycles were less than about 50,000. Full 


grinding of the test pieces with longitudinal fillet welds 
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normally failed as a result of initiation at the root of the weld. 
In the case of light grinding at the weld toe, the improvement 
was found very variable. This is assumed to be related to the 
fact that it is very difficult to control the degree of grinding. 
This technique is considered to be unreliable and is, therefore, 
not recommended, It is interesting to note that in tests per- 
formed on samples with transverse gussets, it was found, if the 
samples were fully ground and also peened, fatigue strengths as 
high as the parent material could be obtained (Figure 3.5). 


Several years ago, Maddox? 


analyzed fatigue cracks in fillet 
welds. While the results of this work are not of direct concern 
to our present problem, a brief description of his work is useful 
in pointing out a direction for future work in the field of fatigue 
strength of fillet welds. This investigator collected various 
proposed solutions that appeared in the literature and adapted 
them, where possible, to the particular case of a semi-elliptical 
surface crack at the toe of a fillet weld. This is the mode of 
failure in most of the lower fatigue strength welded joints. It 
was found that the two features of this problem which received 
little attention were the shallow crack shapes (low a/2c values) 
which are relevant to fatigue cracks in most welded joints and 
the external stress concentration due to the shape of the weld. 
Figure 3.6 demonstrates what is meant by the semi-elliptical 
surface crack, 

The general form of the solution is 


K=¢(na)/2 
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However, in most cases correction factors are used to account 


for the geometry of the crack and the cracked body. Irwin 


í 


suggested that the solution should be modified as follows: 


M, M 


M 
МЕР „у1/2 


Where: 


M 
S 


Фо 


Lo 


| 


п/2 


O 


/ 


Фо 


a correction factor to allow for the effect of 
free surface at the mouth of the crack, It 
depends on the crack depth to width ratio a/2c 
and the position around the crack front as de- 
fined by f. 


a correction factor to allow for the presence 

of a free surface ahead of the crack which depends 
on the crack depth to plate thickness ratio a/B 
and the crack front shape a/2c (sometimes referred 
to as the back-surface correction). 


a correction factor to allow for the crack tip 
plasticity and depends on the size of the crack 
tip plastic zone, 


the complete elliptic integral defined as 


[ne a) sin? g? ag 


For details of each of these correction factors as well as 


solutions for special cases which have been used to approximate 


the general solution, the reader is referred to reference 9, 


It is interesting to look at the variation of the total 


correction term (M M, )/$, with crack depth (a/B) for particular 


a/2_ values. As demonstrated by Figure 3.7, because we see that 


for fatigue cracks in which a/2c > 0.3, we can use, for practical 


purposes, the following expression for K at any crack depth. 


K =g (rm a) 


1/2 





po 


FIGURE 2.7. 
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This work may be of great help in future studies in connection 
with the strength of fillet welds as welded. Statistical studies 
may predict the largest probable crack in a weld given a certain 
result of quality assurance inspection. This might lead to a set 
of specifications with more detail as to what imperfections can 


be accepted by the inspector. 


нээг. 
a 4% 
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IV EXPERIMENTAL AND THEORETICAL WORK CONCERNING SHEAR STRENGTH 


In this section, we will review some of the experimental and 
theoretical work that has been done in the area of shear strength 
of fillet welds. Swanne11*? conducted an experimental program 
designed to measure the deformations that occur in the weld metal 
itself, 

In order to perform experimental tests, a simplified test 
piece shape was needed to ensure that the weld carried a uniform 
shearing intensity throughout its length. This was especially 
important because it is analytically extremely difficult to deter- 
mine the shearing intensity distribution along the length of a 
fillet weld in any conventional joint. In these joints, it 
becomes necessary to determine an emperical "load-pick-up" 
curve, and, thus, the gradient of this curve yields the intensity 
distribution. The load-pick-up curve is very difficult to obtain 
in that it requires very accurate experimentation in order to 
obtain satisfactory results. 

By choosing a special joint geometry in which the manner of 
loading and the symmetry of the test piece are such as to produce 
uniform shearing intensity, one can obtain intensity deformation 
relationships for the weld metal. A symmetrical test-piece 
implies a uniform toe displacement characteristic from cross 
section to cross section along the length of the weld as well as 
uniform intensity. 

The test piece employed by eli is shown in Figure 4.1. 


It can be seen that this test piece would obtain a uniform shearing 
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intensity when the circumferential fillet weld is subjected to 
shearing stresses that produce a reactant torque. The ends of 

the bar were machined square so that they were an exact fit in 

the seating collars through which the applied torque was delivered. 
When it was desired to apply the load solely at the toe or at the 
heel, one or the other square ends was replaced by a free-running 
circular bearing. 

The welds were made on one side of the main plate with 8 
S.W.g. electrodes, and they were machined back from 5/16 inch to 
a nominal 1/4 inch leg size. Upon visual inspection of the com- 
pleted test pieces, it was not possible to detect the starting 
point of the welding process. 

This test series was made up of fifteen test-pieces. Two of 
these test pieces were loaded only at the end of the bar adjacent 
to the test weld. These samples were designated MS.T. because the 
load was delivered entirely to the front toe of the weld. 

In another sample designated MS.H., the load was applied to 
the end of the bar at a distance from the weld, thereby being 
delivered to the heel of the weld. A comparison of the MS.T. and 
MS.H. samples can be seen in the plot of shearing intensity versus 
apparent surface strain in Figure 4.2. 

It can be seen that the joint stiffness is a function of the 
applied load. Table 4-1 gives the details of tests for each sample. 
After inspecting the samples that were fractured, the investigators 
found that there was very little root penetration in any of the test 


welds. It was found that the gradients of the "unload/load" loops 
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FIGURE 4.2, RELATIONSHIP BETWEEN 


APPARENT SURFACE STRAIN AND 
SHEARING INTENSITy11 
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TABLE 4-1. Details of Tests 
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Ref. Nominal 

No, Dia., in. Description of Test Loading 

М5,8 1 3 Loading continuously from zero to failure, 
No cycling. 

MSIB 2 3 Dos 

MS.B 3 3 Do. 

MS.B Y E Do, 

MS.B 5 E Do. 

MS.B 6 3 Do. 

MS.B 7 4 Do. 

MS.B 8 ly Do. 

MS.B 9 3 Variable loading as defined by following 
load per jack (1b): 0-400-0-800-0-1,200- 
0-1,600-0-2,000-0-2,400-0-failure 

М5.В 10 3 Do. 

MS.B 11 3 Variable loading as defined by following 
load per jack (1b): 0-2,800-0-failure 

Мэ. В 12 3 0-500-0-1,000-0-1,500-0-2,000-0-2,500-0 
Reverse test-piece then: 

0- 500-0-1,000-0-1,500-0-2,000-0-failure 

МОЕ І 5 Loading continuously from zero to failure, 
No cycling. 

MS.T 2 3 0-500-0-1,000-0-1,500-0-2,000-0-2,500-0 
Reverse test-piece then: 
0-500-0-1,000-0-1, 500-0-2,000-0-failure 

МЕН 1 3 Loading continuously from zero to failure 


No cycling. 





62 


progressively decrease as the upper limit of the loading was 
increased. The investigators suggested that these decreasing 
gradients can be accounted for by cracking at the weld root. 

While a theoretical analysis of an actual weld mass with 
varying joint geometry along both the length and width of the 
fillet weld and with essentially three-dimensional stress distribu- 
tion, it is possible to obtain an elastic solution in an idealized 
geometry employing a numerical technique. 

However, it should be noted that this solution is not a 
general solution, but it is also limited by the assumptions 
concerning the elastic module of the weld metal throughout the 
weld length. 

Eun reached the following conclusions as a result of 
his investigation: 

"1. The results do not represent a full description of the 
behavior of a conventional longitudinal fillet weld, but 
they do show the effect of joint stiffness and manner of 
load application on the deformations. 

"2. Stiffness is determined by many parameters, including 
neighboring parent member geometry, weld size, amount 
of root penetration, manner of load application, and 


metallurgical considerations. 


"3, Joints which are initially very stiff remain stiff 
under increasing load. 


"4, The whole question of the influence of residual stress 
and their tendency to produce premature failure can only 
be answered in the context of whether, in a good weld 
metal like mild steel, they are of significance compared 
with the unavoidable high stress peaks in the primary 
stress distribution," 


In another study concerning shear strength, 22 presented 


some test results on strap and flange joints that were subjected to 


Bo" 
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shear stresses, and he also recommended some safe limiting stresses 
which can be used in filiet weld calculations. More than fifty 
sample test-pieces were employed to allow varying such parameters 
as grade of steel, electrode type, plate thickness, and fillet weld 
length. 

In the past, the permissible shear stresses for welded joints 
were found by multiplying the safe limiting tensile stress for the 
parent metal by a factor of 0.6 - 0.65. 
| Some sources thought that this factor could be raised to 
0.7 - 1.0. In the experimental work conducted, this factor Х, 
was found by dividing the breaking shear stress by the nominal 
tensile strength. The average of the factors obtained was 0.8365; 
however, through an approach employing the probability of random 
variables o concluded that there is a 93.7 - 87.1% probability 


that X, = 0.6 - 0.65 is the correct figure. 





V DESIGN CONSIDERATIONS 


In this section, we will examine some of the design considera- 
tions concerning fillet welds. 

Boniszewski and Eldridge ~ discussed the problem of cracking 
of tube stub-header weldments in boilers of power plants. The 
geometry and crack location of a typical joint are shown in Figure 
5.1. The failures were considered to be the result of a combination 
of creep rupture and high strain or thermal fatigue. In reviewing 
tube failures, it was found that the proportion of cracked tubes 
on a boiler header ranged from 2 to 50%. This is a serious 
problem since, at times, it is necessary to cut out good tubes to 
accomplish the repair of a tube which had failed. Some of the 
boiler tubes were modified in such a way as to remove the restraint 
which increased the stress in the joint. This modification did 
not work in every case. 

The main problem seemed to result from an interaction between 
engineering design and welding workmanship. It was found a good 
weld profile, the regular 59 with well blended toes and free from 
under cut, could absorb the effect of the restraint by distributing 
the strain away from the weldment. 

Upon investigation, it was also found that in some failures the 
dressing of the weld led to the sharpening of the angle and with this 
came the increase in stress concentration. The relation between 
stress concentration factor and the angle of the weld profile is 
shown in Figure 5.2. These stress concentrations are probably 


optimistic because in the real weld there are sometimes toe 
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CRACKING 





FIGURE 5.1. THE GEOMETRY OF A TYPICAL JOINT"? 





STRESS CONCENTRATION FACTOR K, 
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CIRCUMFERENTIAL 
FILLET WELD 





В Е Оо 1107105 100 95 
ANGLE 44, (9) 


FIGURE 5.2. STRESS CONCENTRATION FACTOR AT 
THE FILLET WELD TOR ADJACENT TO THE TUBE? 
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imperfections which cause the stress concentration to be higher 
than the predicted value, 

Boniszewski and ана? recommended that the fillet weld 
profile must be controlled to 1,59 T D If the welds are dressed, 
this operation must be done in such a manner as to ensure that the 
overall fillet weld profile is not degraded. In any engineering 
design, it is important that unnecessary notches not be introduced 
by the lack of attention to detail. 

In another study, аа reviewed some of the research and 
some of the design codes in an effort to give the designer a better 
tool to enable him to estimate the strength and performance of 
fillet-welded joints. 

Due to the complexity of the geometry and stresses in a fillet 
weld, simplifying assumptions were made to overcome such facts as 
at the root of the weld the material must take on a finite displace- 
ment by straining over a very small distance and that the fillet 
weld can sustain residual stresses which are of the same order of 
magnitude as the yield stress of the weld material. 

The fillet weld force system for a weld loaded at right 
angles to its longitudinal axis can be that as described in Figure 
5.3. 

Various stress theories have been used to predict the strength 
of a fillet weld. In some Cases the yield stress is replaced with 
the ultimate stress for use in the equations resulting from prin- 
ciple stress, maximum shear stress, and strain energy theories. 


These theoretical approaches tend to underestimate the true strength 
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of the fillet weld. 
Also several practical strength formulae have been used or 
recommended for use, The Von Mises equivalent stress formula, 


which is well known to designers, states that: 


ёр -4v* «3 (4 27) 


A modification of this becomes: 


g wie” + а + Е 


Where: 
d= 1.8 
This modification developed from the statistical analysis 
of experimental data. 
Another equation developed by the Stevin Laboratory! which 


retains the original form of the Von Mises equation states that: 


съ = 0:7 9 2+3 (Е +21) 


Clark!" states that the most logical approach to design would 
be to use either modification of the Von Mises equation along with 
appropriate load factors. 

A total load factor against weld failure under known loading 


becomes" 


3 Х ultimate stress of plate 
2 yield stress of plate 


true strength of weld deposit x 
specified strength of parent plate 


true weld strength 
weld strength predicted by equation 


The reader is directed to reference 14 for further comparison 


of various design codes and load factors as determined by the above 





equations. 
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There seems to be two different approaches to design. Іп оле 


case lower safety factors are used by employing comprehensive 


rules for designing welds. The other approach uses a higher factor 


of safety to cover the approximations involved in very simple 


design rules, 


Another design equation that has been used by the American 


Bureau of shipping "® states that: 


2 2 2 
эь У КО К ЗС.“ и) 


Where: 


allowable design stress intensity in weld, 
numerically equal to allowable design stress 
intensity in plate. For transverse member = 
0,85 X minimum tensile yield strength, for 
longitudinal member = 0.75 X minimum tensile 
yield strength. 


factor reflecting the minimum tensile strength 
of fillet weld metal relative to that of ABS 
normal strength steel. 


minimum ultimate tensile strength of ABS normal 
strength steel 
minimum ultimate tensile strength of weld metal 


factor reflecting the minimum ultimate shear 

strength of the fillet weld metal relative to 

that of ABS normal strength steel. 

minimum ultimate shear strength of ABS normal 
strength steel 

minimum ultimate shear strength of weld metal 


= tensile or compressive stress in fillet weld 


(see Figure 5.4) based on assumed local loading 
conditions given in 22.27.3 of ABS Rules. 


= shear stress in plane of fillet weld throat in 


direction perpendicular to the plate being attached 
based on same loading conditions. 
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= shear stress in plane of fillet throat in direction 


parallel to the plate being attached, based on the 
same loading conditions, 


As one can readily see, this also is a modification of the Von 


Mises equation. 


We will now discuss the method used to determine the weld size 


that is required by the United States Navy for a continuous double 


fillet weld. 


This subject will be discussed in more detail in 


Section VIII} however, a brief mention of it is necessary to 


complete this design section. 


The equation employed to determine the required weld size 1877 
T e Ti R; 
1.414 Ro 
Where: 
5 = Fillet weld size (leg) in inches 
e = Efficiency of the joint 
T4 = Thickness of the weaker member in inches 
R; = Ultimate tensile strength of the weaker 
member in pounds per square inch (psi). 
R, = Shear strength of the weld metal in psi. 
The above equation is a result of the following derivation: 
F. F 
Where: 
F; = R; А 
апа 
E, = R; А 
therefore, 
К. А. = В. А 
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= 1.414 S L 
therefore, 


Ку Ту 


R; 1 = 1.414 R; Ə 


And, therefore, for joint efficiency оЁ 100% 


L = 1.414 Ro о 1 


R) T; 


В 
1.414 R; 


The joint efficiency term, e, is introduced into the equation 
so that the equation can be used for joints of various joint 
efficiencies. Figure 5.5 demonstrates the model of the continuous 
double fillet weld. 

This approach is believed to have come from the design of 
riveted joints. 

To show the similarity between this method and that of riveted 
joint design, we will briefly look into riveted joint design. 
Before welding became commonplace in the construction of ships, 
ships were fabricated using riveted joints. There are various 
modes by which a riveted joint can fail and, in order to achieve 
an acceptable design, the engineer must check all possible modes 
and ensure that the critical loads for all modes of failure are 
higher than any load that the structure may have to sustain 
throughout its useful life. 


A few of the possible modes of failure in riveted joints are: 
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1. Failure of the plate in front of the rivets 


2. Crosswise tearing of a plate through a row of 
rivets 


3. Failure of the rivets in tension 
4, Shearing of all rivets 

Bach of these modes of failure can be prevented by proper 
design of a structure, Failure of the plate in front of the 
rivets often results because the rivets are relatively large and 
are either too close to the edge of the plate or have an excessive 
bearing pressure. By following various design codes in relation 
to rivet spacing and the diameter to thickness ratio, this mode 
of failure can be prevented. 

The crosswise tearing of a plate through a row of rivets can 
usually be prevented by the proper spacing of rivets. 

The failure of rivets in tension has been known to occur in 
machinery foundations where the combination of the initial tension 
in the rivets and the additional load increases the tensile stress 
in the rivets. This is normally prevented by setting the allowable 
working stress relatively low. 

This brings us to the mode of failure which is caused by the 
shearing of all Nis. This is an important mode of failure, and, 
in many cases, the critical load for this mode is lower than other 
modes of failure. This is where the similarity between riveted 
joint design and the design method used by the U. S. Navy for 
flllet welded joints is apparent. 

To demonstrate this similarity, we will explore the calculation 


of the critical load and the joint efficiency of a simplified riveted 
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oint as shown in Figure 5.6. 

Once the maximum allowable shear stress is known, the maximum 
oad can be obtained by multiplying this maximum value by the cross 
ectional area of the rivets. The joint efficiency can be determined 
у dividing the maximum load that can be carried by the rivets in shear 
yy the maximum load that can be carried by the plate in tension. 

An example might better demonstrate this. 

Example 5.1: 
Calculate the maximum permissible load that the riveted 
joint in Figure 5.6 can carry and the joint efficiency under 

the following conditions: 


Allowable tensile stress = 22,000 psi 


Allowable shear stress = 14,500 psi 
d = 7/8" b= 7.5 

+. = 3/4" р = 3.5 

3 Шоо oe 

>= 

n=2 


In general the maximum load is: 


пп r ой 


Р = Л 


In our case: 


2) 8) (14, 500 
Р = Mi 
= 17,438 psi 
The joint efficiency is: 
n T He YX 
e = Е 
Б ЕЕ Hr 


In our case: 


E 
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_2 (2/8) 14,500 
ШЕ 7,5 cn 22,000 


ва ое 21.1% 


For further details on riveted joints see references 18 and 19. 
We will take a closer look at joint efficiencies of fillet welded 


joints in Section VIII concerning current welding specifications. 
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VI. FABRICATION CONSIDERATIONS 


In this section, we will discuss some of the fabrication consid- 
erations involved in the design of welded joints with fillet welds. In 
the design of a welded joint, a model is used for strength calculations. 
A typical model for a continuous double fillet weld is shown in Figure 
6.1. This is what the designer pictures the weld to be. However, the 
average joint as welded looks more like the one presented in Figure 6.2. 
While the designer cannot take into account poor workmanship when he 
determines a required weld size, he should at least be aware of some 
of the differences between his model of the welded joint and the actual 
finished welds. Details of specifications will be discussed in Section 
VIII; however, at this time we will look into a few of the variations 
from the ideal continuous double fillet weld. 

One such variation is convexity. Usually there is a maximum 
allowed value of convexity which will still permit the weld to be 
accepted. Figure 6.3 demonstrates how convexity is measured. 

Another variation is the re-entrant angle. Normally if the 
re-entrant angle is less than 90 degrees, the weld is unacceptable. 
Figure 6.4 demonstrates the meaning of re-entrant angle. 

Another variation from the ideal joint as modeled is the skewed 
tee joint. Two different types of skewed tee joints are shown in 
Figures 6.5 and 6.6. Normally skewed joints with angles of less than 
60 degrees are unacceptable (See reference 20). 

One other variation that should be pointed out is a fillet welded 
Joint with a gap. This variation is demonstrated in Figure 6.7 and 


и111 be discussed in more detail in Section VIII which talks about 
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FIGURE 6,1. A TYPICAL MODEL OF A CONTINUOUS 
DOUBLE FILLET WELD 
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FIGURE 6.2. AVERAGE DOUBLE FILLET JOINT 
AS WELDED 
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CONVEXITY 


FIGURE 6.3. A TYPICAL CONVEX DOUBLE FILLET WELD 
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RE-ENTRANT ANGLE 


FIGURE 6.4. A FILLET WELD WITH AN UNACCEPTABLE 
RE-ENTRANT ANGLE 





IE 


FIGURE 6.5. A SKEWED FILLET WELDED TEE JOINT 
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FIGURE 6.6. ANOTHER SKEWED FILLET WELDED TEE JOINT 
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FIGURE 6.7. А 
2. DOUBLE FILLET 
WELDED JOINT 
WITH A GAP ( 
Y) 
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current specifications, 


The preceding discussion gives the reader a brief look at a few 





of the variations from a typical model that are found in the industrial 
environment, There are, of course, others; however, this section 
should give the reader an idea of some of the considerations that 

the designer ought to be aware of while carrying out his work. 

Other areas which might be of interest to the designer are welding 
inspection techniques, weld qualification procedures, and weld test 
procedures. While a review of these areas is beyond the scope of this 

study, they all play an important role in the design, plaming, and 


fabrication of a complex structure. 
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VII A PROPOSED SYSTEM FOR ANALYZING FILLET WELD STRENGTH 


Now that we have considered most of the factors that are 
involved in estimating the strength of fillet welds, it is apparent 
that a system of analysis is needed to combine these factors and 
to indicate what size fillet weld is needed to ensure a given 
strength of a tee joint. The reason for discussing such a system 
at this point, before discussing the current welding specifications 
for ship construction, is to avoid being too strongly influenced by 
current practices. This is not to say that current standards are 
worthless; but, in a study such as this, it is important to 
consider all the facts at face value and then apply good judgement 
as to what direction to go. 

Looking to the future, it seems that an analysis system that 
can be computerized is desirable. One such system employs algorithms. 
In this system, the final weld size, D, would be the sum of incre- 
ments, di. 


Thus: 


Each а, would be the incremental increase in weld size that is 
required for each of the factors that might affect the strength of 
a fillet welded joint. 

Within each category, the value of а, could vary from zero to 
some maximum value depending on the conditions of the particular 
joint in question. The joints would be classified by type. For 
instance, a joint on an auxiliary ship in the midship section 


between a transverse bulkhead and the ship's hull may be classified 
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аз А-7. This classification would take into account the required 
joint efficiency, possible different requirements of different 
classes of ships and the location of the joint in a given ship. 

А matrix would be set up to give the value of 4, for different 
joint classifications (see Table 7-1). 

At the present time, this system is envisioned to have ten 
elements each of which would have its own d, as demonstrated in 
Table 7-2, In the future, each category would be a subroutine 
of the entire system. The inputs to this system would be the 
thickness of the structural members to be joined, the design loads 
and other information required by the subsystems or subroutines. 
The ultimate output of this system would be the required fillet weld 
size for the joint in question under the conditions specified by 
the input. 

While the development of this entire system is beyond the 
scope of this study, values for the d,'s for one of the typical 
joints discussed in section IX will be estimated and presented in 
section XV. These estimates might be somewhat rough, but it will 
give the reader a better understanding of the proposed analysis 


system and hopefully give direction for future studies. 
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TABLE 7-1. 4, Values for Different Joint Classifications 


d d d d, d de d da гс dio dd ‚= 























| 





0-2 


D-3 
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TABLE 7-2. Fillet Weld Analysis System Elements 





Category а, Method of Determination 
Static Strength dy Computer FEM 
Fatigue Margin 4, Experimental Results 
Fabrication or Workmanship 93 ЕЕМ 
Welding Method di, Experimental Results 
Conditions of Welding E Industrial Data 
Environmental: 

Corrosion (general) dc Calculation-Experimental 

Results 

Corrosion (local) d, Experimental Results 
Quality Control 

Ability to Detect 

Defects do Industrial Data 

Test Procedure 

Required do Specifications 
Design Method d Judgement 
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VIII CURRENT WELDING SPECIFICATIONS FOR SHIP CONSTRUCTION 


In this section, we will first compare the U.S. Navy welding 
specifications for fillet welds with other welding specifications 
that are currently being used in construction of ships throughout 
the world, This will give an overview of where the U.S. Navy 
specifications are with respect to the most conservative as well 
as the most liberal welding requirements. Then we will take a 
closer look at the U.S. Navy welding specifications for non- 
combatants. 

A comparison of the U.S. Navy specifications to other welding 
standards is best demonstrated by a plot of the required weld size 
versus plate thickness for the various standards. The three joint 
types that were chosen for these plots are the joints between 
double bottom floors and shell plating, between web frames and 
shell plating, and between decks and shell plating. These plots 
can be seen in Figures 8.1, 8.2, and 8.3 respectively. We can 
readily see that Germischer Ted is the most conservative 
followed by the American Bureau of shipping“ and the U.S. Navy, 
while Bureau 12204 Lloyd Register and Det Norske Veritas eo 
are the most liberal requirements. Also, it is very apparent 
that there is a wide range between the most conservative rules and 
the most liberal rules, In fact, there is over a factor of two 
difference in some cases, This difference may not be as large as 
1t seems because the specifications may be based upon slightly 
different models or include or exclude different considerations. 


For instance, one may include a corrosion and another may tell 
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the designer to add on a margin in addition to what is required 
by the chart. 

We will now proceed to review the U.S. Navy specifications 
for non-combatants. While a presentation of the entire set of 
specifications is not warranted, a brief presentation of the basic 
format and use of the requirements is considered worthwhile. The 
U.S. Navy specifications use the weld leg size in inches rather 
than the throat size in millimeters as is used by other standards. 
Also the U.S. Navy standards give the plate thickness as a function 
of pounds per square foot rather than in millimeters. 

The required weld sizes are presented in graphical form of 
a plot of plate thickness versus joint efficiency with constant 
required weld size curves. There is a different plot for each 
different combination of materials from which a joint can be 
constructed, 

The graph for a continuous double-fillet welded tee joint 
made between medium steel (U.T.S. 60,000 psi) made with MIL-6011 
electrodes is presented in Figure 8.8. There are other graphs 
for tee joints made between high tensile steel (H.T.S.) and 
medium steel for a given electrode, and tee joints made between 
high tensile steel and high yield steel HY-80 for a given electrode, 
and for other combinations of construction materials and electrodes 
used. The joint efficiency can be calculated using the method 
presented in section V. Rather than use a different graph for 
various locations in the ship as was done in Figures 8.1, 8.2, and 


8.3, the U.S. Navy specifies the locations in the ship. A partial 
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listing of the required joint efficiency is given in Table 8-1, 
For a complete listing see reference 23. 

Now that we have discussed the basic format and the use of 
the U.S. Navy welding specifications, it will be worthwhile to 
examine a few of the details contained in the specifications. 

The required weld size is given іп terms of fillet weld leg size. 
In an ideal model there is no mistake of what this means; however, 
in actual welds, there may be some confusion. The weld size of 
actual welds is demonstrated in Figures 8.5 and 8.6. The maximum 
allowable convexity for fillet welds varies with the weld size as 
shown by Figure 8.7. The tolerance on fillet weld sizes is as 
2117 

"Fillet welds up to and including 3/8-inch size shall not 
vary below the specified size by more than 1/16-inch, and any such 
variance shall not extend for a total distance greater than 1/4 
of the joint length nor for more than 6-inches at any one location. 
Fillet welds, 7/16-inch size and larger, shall not be less than 
the gage limits for their respective sizes." 

Another point that has been discussed in section VI is that 
in fabrication a gap is often introduced as shown in Figure 8.8. 
The maximum gap that is allowed without increasing the weld size 
is l/ló-inch. If the gap (Y) is greater than 1/16-inch, the 
required weld size (S) is equal to the normal required size plus 
Y. The maximum permitted gap even with increasing the weld size 
is 1/16-inch. 


The U.S. Navy specifications include many more details 
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TABLE 8-1. Required Joint Efficiencies for Various Fillet Welded 


jone 
Joint Efficiency 
Item Connection Per Cent 
Bilge Keels Connections to shell 75 
Bulkheads, Longi- Main subdivision bulkheads 100 
tudinal and Trans- 
verse 
Decks and Platforms Longitudinal 75 
Transverse 
With deck on only one side 75 
With deck on both sides 100 
Shell and interbottom 75 
Foundations Gun Foundations 100 


Framing, Longitudi- Connections to flanges or 

nal and Transverse faceplates around lightening 
holes 75 
End connections to inter- 

x secting members 

| Ordinary frames (less than 





| 24-inches in depth) 100 

x Masts and Booms All joints 100 

Piping Penetrations Shell plating and supports 100 
Vertical Keel Connections to flat keel and 


rider plate 75 





100 





ТНЕОВЕТТСАТ, 
THROAT 


FIGURE 8.5. WELD SIZE OF A CONCAVE FILLET WELD 
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THEORETICAL 


FIGURE 8.6. WELD SIZE OF A CONVEX FILLET WELD 
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FIGURE 8.8. A DOUBLE FILLET WELD WITH A GAP (Y) 
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concerning inspection techniques, weld qualifications procedures, 
weld test procedures, and material certification procedures. For 
more information see references 17, 23, 27, 28, 29, 30, 31, 32, 33, 
and YH. 

Now that we have review the current specifications and, in 
previous sections, the experimental and theoretical work that has 
been done in the field of fillet weld strength, we will next look 
at some of the typical tee joints that are found on existing ships. 
This is the first step in our strength analysis of existing welded 
joints which will answer the question, "Are fillet weld requirements 


too conservative?" 
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IX TYPICAL FILLET WELDED JOINTS 


In this section, we will look at some of the typical fillet 
welded joints that have been used in existing naval ships. The two 
types of ships that will be studied are the destroyer tender, AD-37 
class, and an oiler, AO-143 class. The reason that these two ships 
Were chosen is that they are U.S. Navy ships, but, yet, they are 
similar to commercial ships. 

We will now look at a few of the principle characteristics 
of these two ships as given in reference 35. 

The destroyer tender, AD-37 class, has a full load displacement 
of 22,260 tons and has an overall length of 643 feet with a beam 
of 85 feet and a draft of 22,5 feet. This ship was designed to 
"provide primarily maintenance and related towing and salvage 
services at advanced bases and at ports in the United States. "2 

The oiler or underway replenishment ship, AO-143 class, is a 
larger ship in that it has a full load displacement of about 40,000 
tons (light load 11,600) and has an overall length of 655 feet with 
a beam of 86 feet and a draft of 35 223 The cargo capacity of 
this ship is approximately 180,000 barrels of liquid fuels. This 
ship is much like an older tanker; however, it was designed to 
provide fuel to warships at sea. 

Now that we have a rough idea of what the ships look like, we 
will next proceed to discuss what welded joints we want to examine 
in detail. 

In order to choose a location in the ship that would be most 


beneficial to study, ship in-service performance reports were 
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reviewed. One such report is given in reference 36. The area 

of the ship that is most important is that of the midship section 
because the primary bending stress reaches a maximum in this 
location. Thus, the construction drawings pertaining to the 
midship section of these two ships were studied. 

The two specific joints of primary concern are the joint 
between a transverse bulkhead and the ship's shell plating within 
the inner bottom and the joint between a longitudinal and the 
ship's shell plating also within the inner botton. 

Using the above guidelines, typical joints from each ship 
were chosen to be analyzed. Figure 9.1 shows the joint between 
a transverse bulkhead and the ship's shell plating of the destroyer 
tender. This transverse bulkhead is at frame 69 1/2, which is in 
the midship section of the ship, and the joint pictured in Figure 
9.l is typical of the structure from stringer number one outward 
within the inner bottom. 

Figure 9.2 shows this same bulkhead as it joins the inner 
bottom floor. While this joint does not include the shell plating, 
it is a typical joint of a transverse bulkhead to an inner bottom 
floor in the midship section of the ship. 

The next joint we will look at is that of a longitudinal and 
the shell plating of the destroyer tender. This member is longi- 
tudinal number seven, and it is located approximately eighteen 
feet outboard of the center vertical keel. This is still within 
the inner bottom. This structural member can be seen in Figure 9.3. 


The last joint we will look at of the destroyer tender is that 
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between stringer number nineteen and the shell plating. This 
member is a longitudinal member located almost three feet above 
the third platform or about fifteen feet above the base line. The 
details of this joint can be seen in Figure 9.4. 

We will now examine two typical joints of the oiler. The 
first joint is that between longitudinal number thirty and the 
shell plating. This structural member is approximately ten feet 
off the center line of the ship near the base line. Figure 9.5 
shows a typical view of the joint in the midship section of the 
ship. The second joint is that between oil tight bulkhead number 
80 and the shell plating. This bulkhead is in the midship section 
of the ship, and the details of this joint can be seen in Figure 
9.6. 

Now that we have examined several of the typical fillet welded 
joints employed in non-combatant U.S. Naval ships, we will proceed 
to the next section in which we will analyze the loading in the 


structural members of a few of these joints. 
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X STRUCTURAL ANALYSIS OF LOADING IN SELECTED MEMBERS 


In this section we will analyze the loading in the structural 
members for a few of the typical joints as presented in section IX, 
In order to analyze the stresses in structural members, we 

must rely on the structural theory that is presently employed in 
the design of ships. The basic concepts will be reviewed before 

we proceed to analyze some of the structural members in the typical 
joints. 

The stresses of a structural member of a ship can be thought 
of as coming from three levels. These are the primary stress or 
area stress, the secondary stress or line stress, and the tertiary 
stress or point stress. A drawing showing the three levels of 
stress is shown in Figure 10.1. 

The following will be a brief discussion of the theory and 
procedure that is presented in more detail in reference 47. 

The primary stress, 07» is the ship's hull bending stress, 
This is normally calculated by assuming the ship's hull acts like 
a beam, and, thus, this stress is directly proportional to the 
distance from the ship's neutral axis. This stress is also 
basically constant throughout the thickness of the ship's plating. 

The secondary stress, To» is the stiffener bending stress 
which results from the reaction of the plating stiffener combination 
to design loading of the ship. This stress in the plating has a 
maximum value at the stiffener and diminishes as you move away 
from the stiffener. 


The tertiary ое; 


‚ is the plate bending stress which 
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FIGURE 10.1. BENDING STRESSES IN SHIPS 
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results from a panel of plate, that is supported on all four edges, 
reacting to a lateral load. This load may be caused by hydrostatic 
pressure. 

An expression for plate panel bending stress under a uniform 


с тоза 151? 


1 БЕ Г : 
ОЗ 22 РВ (+) qi pei 
Where: 
G5 is the plate panel bending stress 


K. is a modifying coefficent varying with panel 
aspect ratio (see Figure 10.2) 


P is the density of the loading medium (Lb/ft?) 
h is the pressure head (ft.) 
b is the smaller panel dimension (in.) 
t is the thickness of the plate (in.) 

The stress in a member can be calculated by combining these 
three levels of stress. In an adequate design, this combination 
should be such that 

Cr) © шог Vy 

The method described above is normally used in the design of 
new ships. That is, an allowable stress level is chosen and the 
above relationships are used to find the ship's scantlings, such 
as plating thickness. 

We will, however, use this method to find the stress in a 
member knowing the scantlings of the two ships described in 
section IX. While this method may not be exact, it will provide 


us with a reasonable estimate of the stress in the structural 
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members in which we are interested. 
The first typical joint that we will analyze is the transverse 
bulkhead to the ship's hull plating as described in Figure 9.1. 
Сазе 1: Destroyer Tender (AD-37 class) 
Joint: Transverse bulkhead to ship's shell plating 


а = 7 tons/in* = 15,680 psi (see reference 48) 


O (Section shown in Figure 9.1 is not taken 
through a longitudinal; see Figure 10.3) 


1 B2 l1 я 
O37 2% GY a psi 


J2 


Where: 
P = 64 lbs/cu.ft. 
h = 24 ft. 
ОЕ ЕЕ. 
a = 13.42 ft, 
а/Ы = 5.367 
| К, = 1.0 (see Figure 10.2) 


73 = 12,280 рѕі 


ТһегеҒоге: 

Combining these stresses, we obtain 
| 
| 


Сү + T3 = 27,960 psi 
We will now check the damaged case of this same joint. Іп 
this case the water head is assumed to be from the main deck, thus 
changing h from 24 feet to 67.5 feet. Therefore, 073 becomes 
34,538 psi. According to reference 48, when analyzing the damaged 
condition, one can eliminate the hull bending stress 01: Taking 
this into account 
а + 03 - 34,538 psi < 36,000 gy 
This can be taken as the worst case, and this value will be 


used in section XI when we employ computer analysis to determine 
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the strength of the fillet welded joint as described by Figure 9.1. 
The next typical joint that we will analyze is the one between 
a longitudinal and the ship's hull plating of the AD-37 class ship 
as described in Figure 9.3. The variation of ships principle 
bending stress, Gy» with distance from the keel is plotted for 
the sagging condition in Figure 10.4. This figure is based on 
the assumption that the neutral axis is 0.45 times the depth 
of the ship. 
Using the same procedure as was employed in case one, we 
find that 95 is 14,016 psi. The following values were used to 


obtain this result: 


p = 64 lbs/cu. ft. 
h = 24 ft, 

b = 2.67 ft. 

a = 13.42 ft. 

K, = 1.0 

t = 5/8 inch 


Combining these stresses, we obtain that gp of the shell 
plating is equal to 29,696 psi. 

Again checking the damaged condition, we find that it is the 
worst case with а (т of 34,538 psi. 

The stress in the longitudinal member is as shown in Figure 10.4. 

The next typical joint that we will analyze is the one between 
a longitudinal and the shell plating of the AO-143 class ship as 
shown in Figure 9.5. In the sagging condition, 01 at the keel is 
14,134 psi, and it varies with the distance from the base line as 


shown in Figure 10.5. Again this figure is based upon the assumption 
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that the neutral axis is located 45% of the distance from the keel 


to the main deck. In this case, we find > 


following values were used to obtain this result: 


A 


is 4,480 psi. The 


ll 


64 lbs./cu. ft. 


h = 35 ft, 

Бі - 2.5 

a = 10.0 ft. 

К, = 1.0 

t = 1,25 inches 


Combining these stresses, we obtain that ту of the shell plating 
is equal to 18,614 psi. 

Again checking the damaged condition by changing h from 35 
feet to 46 feet, we find that 03 is equal to 5,888 psi. In this 
case, the combination of the sagging stresses and the normal 
hydrostatic membrane stresses is the worst case. This makes sense 
because the oiler has a lot less freeborad in the normal condition, 
and oilers have to be more concerned with hogging and sagging 
because they have the ability to change their loading condition 
by pumping fluid cargo. 

The next typical joint that we will analyze is the one between 
a transverse bulkhead in the midship section of the ship and the 
shell plating of the AO-143 class ship as shown in Figure 9,6, 

In this case, the primary bending stress in the sagging condition, 
471: is 14,134 while the tertiary stress, 93: is 4,480, which is 
based upon the following values, 


P = 64 1bs./cu. ft. 
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= Зз» Гу. 

Ъ = 249 ft. 
ae. 10.0 ft, 

Kr. = 1.0 

t = 1.25 inches 


Combining these stresses, we obtain that Tr is equal to 
18,614 psi. The damaged condition again results in a T3 of 
5,888 psi. 

As was the case for the longitudinal joint, the combination 
of the normal sagging stress and the hydrostatic membrane stresses 
is the worst case. For a summary of the stresses in the structural 
members of the joints we have discussed, see Table 10-1, 

Now that we have analyzed the stresses in some of the typical 
joints discussed in section 1X, we will use these stresses and the 
geometry of the joints as inputs to a finite element method 
computer model to determine the strength of these fillet welded 
joints. 

The discussion of the computer model and results can be 


found in the following section. 








Joint 
Ship (Figure) Condition 03 13 om 
AD- 37 Transverse Normal 15,680 12,280 27,960 
Bulkhead 
(9.1) Damaged -- 34, 538 34, 538 
AD- 37 E SU Normal 15,680 14,016 29,696 
9.2 
Damaged pm ЗА, , 538 34 , 538 
АО-143 Transverse Normal 14,134 4,480 18,614 
Bulkhead 
(9,6) Damaged -- 5,888 г ова 
А0-143 в Normal 14,134 4,480 18,614 
9.5 
Damaged -- 5,888 5,888 


ТАВЬЕ 10-1. 
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A Summary of Stresses in 


Structural Members of Joints 
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XI COMPUTER ANALYSIS OF STRENGTH OF SELECTED FILLET WELDED JOINTS 


In this section, we will discuss the results of the computer 
model that was employed for determining the strength of fillet welds. 
The model was developed at the Massachusetts Institute of Technology 


by Biri” 


using the finite element method of an available 
library program. The program that was used in this case was ADINA 
which was developed in the Mechanical Engineering Department of 
мтт,20 ADINA is a general purpose finite element program for 
linear and non-linear static and dynamic three dimensional analysis. 
The fillet weld model employed ADINA in the static and elastic- 
plastic mode following the Von Mises yield criterion. We will 
review a few of the details of the model that was used for the 
joint between a transverse bulkhead and the ship shell plating 
as shown in Figure 9.1. The boundary conditions and the applied 
load, which is a uniform tensile load, can be seen in Figure 11.1, 
We will now look at the case of a 30% reduction in the 
specified weld size for the joint shown in Figure 9.1. The finite 
element mesh consists of 219 nodes and 72 elements and is best 
described by Figure 11.2. The loading function, which was 
derived from the structural analysis of section X, is comprised 
of two time steps and is plotted in Figure 11.3. And the resulting 
displacement of the toe element can be seen in Figure 11.4. 
In order to determine the strength of a fillet weld, we need 
a general yielding criterion. We will define a yielding criterion, 
X, ass 


X = length of the yleld plastic zone 
fillet weld leg size 
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M 1 


FIGURE 11.1. THE BOUNDARY CONDITIONS AND THE APPLIED LOADS OF THE 
FILLET WELD MODEL”? 
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It might be helpful to look at Figure 11.2, which shows the 
elements which make up the plastic zone and also the fillet weld 
leg size, 

Using this general yielding criterion, we find that by 
starting with the required weld size for the transverse bulkhead 
joint as shown in Figure 9.1 and reducing this weld size by 10% 
increments, we obtain the relationship between the reduction in 
weld size and X that is shown in Figure 11.5. This indicates that 
a reduction of more than 30% is possible, but the required weld 
size was 3/16 of an inch and reducing a weld size below 1/8 of an 
inch seems meaningless at this time with the present day welding 
methods, 

A sample computer output for the case of a 30% reduction of 
the specified weld size for the transverse bulkhead joint as 
described by Figure 9.1 can be found in the Appendix. 

For a more detailed discussion of the model and the general 
yielding criterion see reference 49. 

Future work in this area involves the computer analysis 
of the longitudinal joints which will require three dimensional 
analysis instead of the two dimensional analysis that was used 
for the transverse joints. 

For further recommendations for possible future work, see 


section XV. 
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XII CORROSION CONSIDERATIONS 


In this section, we will examine some of the corrosion 
considerations concerning fillet welds. 

There are many types of corrosion, but these types can be 
grouped into two main categories. These are general corrosion 
and localized corrosion. By general corrosion, we mean the uniform 
attack of a material--for example, the rusting of a steel plate in 
sea water. The steel corrodes at a relatively uniform rate of 
about 0.00521 inches penetration per year (ipy). This is an 
average value that can be used in engineering calculations; 
however, the initial corrosion rate will generally exceed this 
value, 

Localized corrosion means that the rate of corrosion is 
greater in some areas than it is in others. Pitting is an example 
of localized corrosion. In pitting, an appreciable attack is 
confined to a small area of the material which acts as an anode. 
This results in pits in the material. 

A specific example of this is stainless steel in sea water. 
Pits usually initiate at crevices; and, in this case, the localized 
attack is called crevice corrosion. The most sensible way of 
combatting this type of corrosion is to eliminate crevices altogether. 
However, when this is not possible, the crevices can be widened so 
that the concentration cell is minimized, 

Figure 12.1 shows the difference in the amount of corrosion 
before the failure of a structure with general and localized 


corrosion. It can be easily seen that usually a failure occurs in 
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less time with localized corrosion rather than with general or 
uniform corrosion. 

Now that we have looked at a few types of corrosion, we will 
discuss methods of preventing or controlling corrosion. The two 
most obvious methods of combatting corrosive attack are to either 
change the environment or change the material. Since we are 
primarily interested in welded joints in ships, it would be impossible 
to change the environment (namely seawater). And, although there 
have been other materials used in ship construction, the majority 
of ships are fabricated out of steel. Thus, we need to look to 
other methods to control corrosion, 

One method that has been used with some success is covering 
the material with a protective coating. This basically separates 
the material and the environment. There are many different types 
of coatings, and each has its own advantages and disadvantages, 
However, the biggest disadvantage of coatings in general is that, 
if the coating should break down by either chipping off or peeling, 
this sets up an ideal condition for localized attack. This is 
primarily because the anode-cathode area ratio is small due to 
the fact that the unprotected spot becomes the anode and is 
attacked faster than the area surrounding it. 

Another method of controlling corrosion that should be obvious 
but is often overlooked is proper design and fabrication. Many 
times a structure is assumed to have a proper design if it is 
sound from a strength standpoint. And the corrosion engineer is 


not consulted until the structure is about to collapse due to 
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strength degradation resulting from corrosive action. At times 
this stems from complete disregard for the corrosion considerations 
of the design. A general example of different quality of designs 
for storage tank supports can be seen in Figure 12,2. 

Now that we have discussed corrosion in general terms, we will 
examine corrosion considerations that directly pertain to welded 
joints. For general or uniform corrosion, the best method to 
ensure a proper design is the use of corrosion margin. The U.S. 
Navy specifications do not require a corrosion margin; however, 
А.В.5. requires a corrosion margin of 1.5 mm. A schematic diagram 
of the use of a corrosion margin for fillet welds can be seen in 
Figure 12.3. Using the uniform corrosion rate of 0.005 ipy for 
steel in sea water, this gives a service life of approximately 
12 years. Since this rate is an average rate and as the time 
increases the rate decreases due to a build-up of oxides on the 
surface, normally a rate of 0.003 or 0.004 ipy is used for a 
period of ten vee The slower rate would yield a service life 
of approximately 20 years. Since most surfaces on a ship that are 
exposed to sea water or bilge water are maintained so that some 
form of protective coating is kept intact most of the time, the 
corrosion margin required by A.B.S. is considered sufficient for 
steel weld joints in a sea water environment, 

Another fact that makes the actual margin greater than the 
apparent margin is that weld sizes are based upon the minimum 
plate thickness. And, if there is a situation in which general 


corrosion may be a problem, the plate thickness will probably be 
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FIGURE 12.3. A SCHEMATIC DIAGRAM OF THE USE OF A CORROSION MARGIN 
FOR A FILLET WELD 
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increased which will result in an increased required weld size. 

While the A.B.S. corrosion margin is considered appropriate 
for welded joints exposed to sea water or bilge water, no margin 
is considered necessary for joints exposed to air. Each joint 
environment must be considered separately. Then, if joints have 
the same environment, it may be advantageous to group these for 
the purpose of assigning the required corrosion margins. 

Now that we have discussed uniform corrosive attack, we will 
proceed to localized corrosion considerations that directly pertain 
to welded joints. A corrosion margin is not generally the most 
efficient method of controlling localized corrosion. As can be 
seen from Figure 12.1, in order to provide sufficient margin 
against local corrosion, the designer would have to provide an 
extreme excess of material. A better method of controlling 
localized corrosion is to ensure that the design and fabrication 
are such that sites that would enhance localized attack are 
eliminated. Figure 12.2 demonstrates this approach in general, 
and Figure 12.4 provides a similar demonstration pertaining 
directly to a fillet welded joint. 

Another consideration that has to be a part of the design of 
a structure is the polarity of the corrosive cell between the weld 
material and the parent metal. This is the same approach that has 
been used in riveted and bolted joints. We want the base metal to 
be more anodic than the weld material, the bolt, or the rivet. If 
this were not the case, the joint would fail because the "fastener" 


would corrode away. Normally the weld material used in the construc- 
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tion of ships sets up the right polarity, but this is something 
that should be checked in order to ensure adequate strength 
throughout the joint's useful life. 

The details of the corrosion margin of a typical welded 


joint will be discussed further in section XV. 
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XIII ECONOMIC ANALYSIS OF INTERMITTENT 
VERSUS CONTINUOUS WELDING 


In this section, we will compare the relative cost of a given 
welding job employing manual continuous welding, manual intermittent 
welding, and automatic continuous welding. 

We have already discovered that welding cost is a very impor- 
tant variable in the total construction cost of a ship's hull. 

In a ship, fillet welds are used to join stiffeners to plating. 
For example, in deck stiffeners and bulkhead stiffeners, the fillet 
welds do not experience shear forces of great magnitudes; and, 
hence, welding specifications have allowed intermittent fillet 
welds to be used. The problem is now what welding procedure will 
yield the lowest welding cost. The welding procedure candidates 
that will be studied are manual continuous welding, manual inter- 
mittent welding, and automatic continuous welding. 

Two approaches will be used to compare the costs of the various 
welding methods. The first approach will employ a laboratory experi- 
ment. The second approach will be based upon industrial data. 

In order to compare these methods, both approaches will employ 
a computer program to calculate the welding cost of each method, 

The program was written based on equations given in reference 54, 
to be run on the programmable calculator, Texas Instruments TI-59. 
А copy of this program appears in Table 13-1. 

Data for the manual continuous and manual intermittent welding 

was taken during experimental welding runs conducted in the welding 


laboratory at Massachusetts Institute of Technology. The welder 
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TABLE 13-1. Estimating Welding Cost* 


Loc. Code Key Loc. Code Key Loc. Code Key Loc. Code Key 














00 43 RL 46 5 + 92 14 14 138 09 09 
01 01 01 m шт mL 93 5 ) 139 5 + 
02 55 = 48 07 07 94 95 = 140 06 6 
Ш 53 ( 49 55 + 95 втш 141 00 O 


OF 43 RCL 50 43 RCL 96 23 23 12 95 

01 01. 5 08 08 97 93 . 143 42 570 
06 85 + 52 95 - 98 00 0 144 26 26 
07 43 REL 53 42 STO 99 03 3 145 43 RCL 
08 02 02 SY. 23 123 ЖОО ©5 X 146 O Oh 
09 p ) 55 03 3 101 43 RCL 147 65 X 
10 95 = 56 65 X 12 11 I 148 43 RCL 
В 42 ст 57 43 RL 103 65 X 149 10 10 
12 21 21 58 03 03 104 43 КІШ 150 55 - 
13 43 RCL 59 55 + 105 12 12 151 06 6 
14 04 04 60 1% ЕС, 106 65 X 152 00 0 
15 65 X 61 07 07 107 43 ШІ 9» = 


16 43 RCL 62 55 - 108 03 03 154 42 STO 
17 03 03 63 43 RCL 109 55 + 155. 7 27 
18 55 = 64 08 08 110 43 RCL 156 43 RCL 
19 06 6 65 95 = 111 05 05 157 22 22 
20 00 0 66 42 STO 112 95 = 158 85 + 
21 55 + 67 24 24 113 42 STO 159 43 RCL 


22 43 RCL 68 91 R/S 114 2 2% 160 22 23 
23 05 05 69 ӨШ СЕ RCL 161 85 + 
24 55 + 201 01 116 15 15 MEA үү 
25 43 RCL 71 33 33 117 65 X 163 24 24 
E 21 21 72 3 RL 118 43 ві 14 85 + 
27 95 = 23 1 11 119 16 16 165 43 RCL 
28 12 STO 74 65 X 120 65 X 166 25 25 
29 22 22 75 43 RL 121 %3 RCL 167 85 + 


31 32 ХҮЛЖ ү? 65 x 123 55 - 160 26 26 
32 43 ві 78 43 RL 124 06 6 170 85 + 
23 00 00 79 03 03 125 00 0 171 43 ROL 
34 77 СВ шог = I ONES x эт 2 
35 00 00 81 %3 RCL 127 3 RL 193 95 = 
36 72 72 82 05 05 128 05 05 174 42 STO 
37 01 Ji 83 65 X 129 95 = 175 28 28 
Ёо 00 0 84 53 ( 130 42 вто 176 91 R/S 


42 03 03 88 43 RCL 134 08 04 


45 06 06 91 43 RCL 137 43  RCL 
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TABLE 13-1. Continued 


Program Input 


Data 
Registers Description 
00 O Manual/1 Auto 
01 qe Arc Time min 
02 Ta Downtime min 
03 1, inches of weld 
оц L Labor + OH Rate $/hr. 
05 S  іп/піп Deposit Rate 
06 E Electrode Cost $/1b. 
07 № No. Elect./100 1b. 
08 1, inches weld/elect. 
09 H, handling time, min, 
10 C Cleaning time, min. 
11 M inch elect. melt/min. 
12 и 1bs./in. electrode 
13 Ratio flux to elect. wt. 
14 Flux cost $/1b. 
15 Gas Cost $/cu. ft. 
16 Gas Flow ft^/hr. 
Program Output 
22 L + OH Cost $ 
23 Electrode Cost $ 
24 Power Cost $ 
25 Gas Cost $ 
26 Handling Cost $ 
27 Cleaning Cost $ 
28 Total Cost $ 


xThis program estimates the cost welding per unit job for 
Manual (stick electrode), Submerged Arc Welding, and Gas Metal 
Arc (GMA or МТС). By inserting a O or 1 into Data Register 00, 
the operator selects either manual or automatic respectively. 
Enter remaining input in registers 01-16 as appropriate, Final 
display is total cost per job in dollars. To get other outputs 
RCL desired data register. 
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was Mr. Anthony Zona, and the author took the data. 

Drawings of the test pieces used in this study can be found 
in Figures 13.1 and 13.2. Only one run was made for both types of 
manual welding. The data sheets can be found in Table 13-2 and 
Table 13-3 respectively. 

For the automatic method, some of the data was obtained from 
welding data books while some of it was estimated based on the 
manual welding runs. An example of this is handling time. Тһе 
data sheet for the automatic continuous welding can be found in 
Table 13-4. 

All of the cost or price information was obtained from local 
vendors of welding supplies. 

A local shipyard was contacted to obtain a realistic labor 
and overhead rate and an operating factor for each type of welding 
process; however, the author was informed that these numbers are 
confidential. The labor and overhead rate used was a value from 
reference 54 which was then adjusted for inflation. The operating 
factors were obtained from the experimental test runs. 

The total cost of welding is the sum of the following costs: 

1. The labor and overhead cost during actual welding. 
2. The cost of handling and set up of the work piece. 
3. The cost of post welding cleaning if necessary. 


4, The cost of the electrode material consumed during 
welding. 


5. The cost of the shielding gas consumed during welding. 


6. The cost of the power to run the welding machine. 
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Data 
Register 


00 
01 


02 


03 


04 


05 
06 
07 
08 
09 
10 
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TABLE 13-2. Continuous Manual Welding 


(Experimental Approach) 


Parameter Title - Description 
Material 

Electrode 

Weld Size (leg) 

Welding Conditions 

Manual or Automatic Selection 
De Àrc Time min per unit 

T,= Downtime min per unit 


1 = Inches of Weld per unit 
(both sides) 


L = Labor and Overhead rate 
$ per hour 


S = Inches of Weld Deposited per min. 
Е = Electrode Cost $ per lb. 

N = Number of Electrodes per 100 lbs. 
1 = Inches of Weld per Electrode 

H = Handling Time per unit, min. 


C = Cleaning Time per unit, min. 


Value or Comment 
Mild Steel 


1/8" X 14" 27014 


5/32" 


150 Amp 18-22 Volt 


O (Manual) 
14.25 
Ц. 583 


120. 


12.00 
8.276 
0.50 

1280 
2.5 
3.667 


6.00 








Da ta 
Register 


22 
23 
24 
26 
27 
28 
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TABLE 13-2. Continued 


Parameter Title - Description 
Program Output 

Labor and Overhead Cost per Job 

Welding Consumables Cost per Job 

Power Cost per Job 

Handling Cost per Job 

Cleaning Cost per Job 


Total Cost per Job 


Value or Comment 


$ 3.83 





1.50 


TABLE 13-3. Intermittent Manual Welding 
(Experimental Approach) 


E. Parameter Title - Description Value or Comment 
-- Material Mild Steel 
-- Electrode 1/8" X 14" E7014 
-- Weld Size (leg) 8/16" 
-- Welding Conditions 150 Amp 18-22 Volt 
00 Manual or Automatic Selection Q (Manual) 
01 T, = Arc Time, min. per unit 4.633 
02 Ta = Downtime, min. per unit 2.750 
03 1, = Inches of weld per unit De: 
04 L = Labor and Overhead rate $ per hour 12.00 
05 S = Inches of Weld deposited per min. 82276 
06 E = Electrode Cost $ per lb. 0.50 
07 N = Number of electrodes per 100 15. 1280 
08 1, = Inches of Weld per Electrode TaD 
09 H = Handling time per unit, min. 4.167 
10 C = Cleaning time per unit, min. 1.917 





Data 
Register 


22 
23 
24 
26 
27 
28 
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TABLE 13-3. Continued 


Parameter Title - Description 
Program Output 

Labor and Overhead Cost per Job 

Welding Consumables Cost per Job 

Power Cost per Job 

Handling Cost per Job 

Cleaning Cost per Job 


Total Cost per Job 


Value or Comment 


$ 1.39 
.19 
201 
.83 
‚ 38 
$ 2.80 





Data 
Register 


00 
01 
02 


03 


04 


05 
06 


09 


Ша 


12 


15 
16 
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TABLE 13-4, Continuous Automatic Welding 


(Experimental Approach) 


Parameter Title - Description Value or Comment 
Material Mild Steel 
Electrode A 675 1/16" 

Weld Size (leg) 5/32" 

Welding Conditions 425 Amps 30 Volts 


Manual or Automatic Selection 


bs = Arc Time min per unit 
Та = Downtime min per unit 


1 = Inches of Weld per unit 
(both sides) 


L = Labor and Overhead rate 
$ per hour 


S = Inches of Weld Deposited per min 
E = Electrode Cost $ рег lb. 
H = Handling Time per unit, min. 


M = Inches Electrode melted per min, 
(melting rate) 


W = Weight of Electrode used per inch 
Electrode melted in lbs. per inch. 


g = Gas Cost in $ per cu. ft. 


г = би, Ft. of Gas Flow per hour 
during welding 


1 (Automatic) 
1.714 


1.70 
120. 


12,00 


70 
0.61 


4.50 


255» 


0.000868 


0.013 


35 





Data 
Register 


22 
23 
24 
25 
26 
28 
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TABLE 13-4. Continued 


Parameter Title - Description Value or Comment 


Program Output 


Labor and Overhead Cost per Job $ ‚ 68 
Welding Electrode Cost per Job 125 
Power Cost per Job .01 
Gas Cost per Job 01 
Handling Cost per Job ‚90 


Total Cost per Job $ 1,83 
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While there is по capital cost or interest cost explicitly 
listed, these costs are taken into account in the labor and over- 
head rate that is used in all the formulas except for those used 
for calculating consumables cost, 

Now we analyze the results of this experimental study. The 
total welding cost for the test piece was $1.83 for continuous 
automatic welding (GMA), $2.80 for intermittent manual welding, 
and $6.43 for continuous manual welding. 

In comparing the two manual methods, we find that the contin- 
uous method has an advantage for handling and setup cost but is 
bettered in every other category by the intermittent method. The 
reason the handling and setup cost is higher for the intermittent 
method is that the piece has to be marked so that the welder knows 
where to weld; whereas, the continuous method does not require 
marking. Since there is less welding in the intermittent method, 
all other costs are lower than the continuous method. 

In proceeding to the automatic continuous method, we find that 
the handling and set up cost is the highest of any method, but the 
fact that the automatic method is so fast makes all the other costs 
the lowest. An additional advantage of the automatic method is that 
there is no post welding cleaning necessary because the shielding 
is done with a gas rather than with a slag as is the case for 
manual arc welding. 

The operating factors, which are defined as the arc time 
divided by the total welding time, for manual continuous, manual 


intermittent, and automatic continuous were 75.7%, 62.8% and 50.2% 





155 


respectively. Although operating factors vary in industry from 
Job to job and from company to company, it appears that the opera- 
ting factors for the manual methods are relatively high. The 
operating factor of the automatic continuous method seems to be 

in keeping with current industrial values. 

If the down time is adjusted so that the manual methods have 
an operating factor of 50%, the total cost changes to $8.40 and 
$3.16 for the continuous and intermittent methods respectively. 
These costs indicate that automatic continuous welding may be 
even a greater savings than we had at first thought. 

We now look at the second estimating approach. 

The industrial data approach will again estimate the cost 
of welding pieces identical to those shown in Figures 13.1 and 
13.2 so that the results of both approaches can be compared. 
Instead of employing a laboratory experiment, this approach is 
based on data obtained from a welding data book. > Ihis is very 
much like the method which was used for the automatic welding 
method as explained above. The same labor and material costs 
were used to keep both approaches on the same basis, The data 
sheets for the computer runs using the industrial data approach 
can be found in Tables 13-5, 13-6, and 13-7. The operating 
factors were taken to be the same as those of the experimental 
approach. 

Again the costs were calculated for an operating factor of 
50%. A comparison of the welding costs for each welding method 


estimated using both approaches can be found in Table 13-8. 
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ТАВЬЕ 13-5. Continuous Manual Welding 
(Industrial Data Approach) 


>. Parameter Title - Description Value or Comment 
-- Material Mild Steel 
-- Electrode Cellulose 4.00 mm 
Efficiency - 9% 
-- Weld Size (leg) 5.0 mm 
-- Welding Conditions 120 Amps 
00 Manual or Automatic Selection O (Manual) 
01 T, 7 Arc Time min per unit 20.42 
02 T, = Downtime min per unit eub 
03 1, = Inches of weld per unit 
(both sides) 120% 
04 L = Labor and Overhead rate 
$ per hour 12.00 
05 S = Inches of Weld Deposited per min 5.876 
06 Е = Electrode Cost $ per lb. 0.50 
07 N = Number of Electrodes рег 100 155. 1280. 
08 1, = Inches of weld per electrode 9,37 
09 Н, = Handling time per unit, min. 3.667 
10 C = Cleaning time per unit, min. 4.90 





Data 
Register 


22 
23 
24 
26 
27 
28 
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TABLE 13-5. Continued 


Parameter Title - Description 
Program Output 

Labor and Overhead Cost per Job 

Welding Consumables Cost per Job 

Power Cost per Job 

Handling Cost per Job 

Cleaning Cost per Job 


Total Cost per Job 


Value or Comment 


$ 5.39 
.50 
.03 
73 
‚98 

$ 7.64 
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TABLE 13-6. Intermittent Manual Welding 
(Industrial Data Approach) 


E... Parameter Title - Description Value or Comment 
-- Material Mild Steel 
-- Electrode Cellulose 4.00 mm 
Efficiency - 93% 
-- Weld Size (leg) 5.0 mm 
-- Welding Conditions 120 Amps 
00 Manual or Automatic Selection O (Manual) 
© T, = Arc Time, min, per unit 6.126 
02 Ta = Downtime, min. per unit Кб; 
03 I Inches of Weld per unit 36 
04 L = Labor and Overhead rate 
$ per hour 12.00 
05 S = Inches of Weld Deposited per min. 5.876 
06 E = Electrode Cost $ per lb. 0250 
07 N = Number of Electrodes per 100 lb. 1280 
08 1, = Inches of Weld per Electrode 9.37 
09 Ци = Handling Time per unit, min. 4.167 
10 C = Cleaning Time per unit, min. 1.47 





Data 
Register 


22 
23 
24 
26 
27 
28 
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TABLE 13-6. Continued 


Parameter Title - Description 
Program Output 

Labor and Overhead Cost per Job 

Welding Consumables Cost per Job 

Power Cost per Job 

Handling Cost per Job 

Cleaning Cost per Job 


Total Cost per Job 


Value or Comment 


$ 1.95 
‚15 
.01 
‚83 
.29 

$ 3.23 





Data 
Register 


00 
01 
02 


03 


04 


05 
06 
09 
11 


12 


a) 
16 
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TABLE 13-7. Continuous Automatic Welding 


Parameter Title - Description 


(Industrial Data Approach) 


Value or Comment 


Material Mild Steel 
Electrode 0.8 mm 
Weld Size (leg) 4.00 mm 
Welding Conditions CO, Solid Wire 
ом or Automatic Selection 1 (Automatic) 
е Time min. per unit 4.21 
Ta = Downtime min. per unit 4,11 
1 = Inches of Weld per unit 
^ (both sides) 120 
L = Labor and Overhead Rate 

$ per hour 12.00 
S = Inches of Weld Deposited per min. 28.40 
Е = Electrode Cost % рег 15. 0.61 
H = Handling Time per unit, min. 4,50 
M = Inches Electrode Melted per min. 

(melting rate) o 
LM — Weight of Electrode used per inch 

Electrode melted in lbs. per inch 00021 
6 CaS Cost in $ per cu. ft. ‚013 
r = Cu. ft. of Gas Flow per hour 


during Welding 95 





Data 
Register 


22 
23 
24 
25 
26 
28 
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TABLE 13-7. Continued 


Parameter Title - Description 
Program Output 

Labor and Overhead Cost per Job 

Welding Electrode Cost per Job 

Power Cost per Job 

Gas Cost per Job 

Handling Cost per Job 


Total Cost per Job 


Value or Comment 


$ 1.68 
„ДО 
‚ 02 
. 03 
.90 
$ 3.03 
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While the actual costs differ slightly, the welding methods 
remain in the same order of relative costs, with automatic 
continuous being the cheapest followed by manual intermittent, 
and the most expensive is the manual continuous. 

The differences in cost obtained by the two approaches are 
reasonable because the weld sizes of the industrial data approach 
were given in millimeters and were larger than those of the 
experimental approach, which were given in inches. The important 
factor is that both approaches result in the same relative costs 
for the welding methods. 

But before we jump to the conclusion that automatic continuous 
welding should be used in all cases, there are other factors to be 
considered. The most important factor is can automatic welding be 
cone for the job under consideration. For example, when a ship hull 
is being assembled on the ways, it would be more difficult and, 
thus, costly to set up each welding job for automatic welding. 

In some cases, it would be physically impossible. On the other 
hand, it would be easier to employ an automatic method during the 
construction of subassemblies in a shop. 

Another cost that can be associated with manual welding is 
the cost of overwelding. That is, if the specification calls for 
a weld size of 3/16 inch (minimum), you may end up with a 1/4 inch 
weld because the welder wants to make sure that his work passes 
inspection. Overwelding causes the electrode material cost to 
increase rapidly as can be seen in Figure 13.3 which is a plot of 


the weight of deposited weld metal per foot for welded steel versus 
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FIGURE 13.3. 


WELD METAL REQUIREMENTS 
FOR 45 DEGREE FILLET WELDS 
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the weld size. In the above example, the overweld of 1/16 inch 
gives a 72% increase in weldment weight, thus cost. It also, in 
general, takes longer to deposit a larger weld which will increase 
the labor and overhead cost unnecessarily. Although overwelding 
can occur in automatic welding, it is less likely because the 
operator can obtain the machine setting required for a given weld 
size. Once set, the machine puts out a uniform weld of the size 
required. Another cost of overwelding that cannot be as easily 
quantified is that of the increase in distortion and residual 
stresses introduced into a work piece as a result of overwelding. 

Based upon this limited study, it is recommended that ship 
builders employ automatic continuous welding methods whenever 
practical. However, if a job requires what is considered an excess 
of handling and setup time, further investigation is warranted 
before selecting a welding method. Where there is serious doubt, 
it 1s recommended that a program similar to the one employed in 
this study be used to estimate the cost of welding using different 
methods. For jobs where it is physically impossible to use automatic 
welding methods and where specifications permit, the next choice is 
intermittent manual welding. For the next case where the specifi- 
cations call for continuous welding and automatic welding methods 
are impractical, the method of manual continuous welding is the 
best choice. 

Now that we have examined the economics of various welding 
methods, the next area will be the economical impact that a 


reduction in weld size requirement might have on ship construction, 
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XIV THE ECONOMIC IMPACT OF THE REDUCTION OF WELD SIZE 
REQUIREMENTS IN SHIP CONSTRUCTION 


In this section, we will take a brief look at the economic 
impact that would result from a reduction in weld size require- 
ment. Since at this point in time we do not know each and every 
weld in a ship which may be reduced, the following analysis will 
be based upon only transverse welds and a simplified model of 
a ship's structure, The model is based upon the midship section 
of the destroyer tender (AD-37 class). And we will assume that 
the cross section at any point of the ship is the same as the 
midship section, 

While this is a very crude assumption and one that will over 
estimate the savings resulting from a reduction in the required 
weld size, we are only taking into account the fillet welds 
between the transverse bulkheads and the ship's shell plating. 

Thus while overestimating the savings for these joints, we 
will be drastically underestimating the savings for the construction 
of the entire ship hull. 

A diagram of our ship model can be seen in Figure 14.1. In 
this model there are 154 transverse frames and 15 transverse 
bulkheads. For each transverse frame or bulkhead, there are 
101 linear feet of weld from the keel to the main deck along the 
ship's hull plating on each side of the frame or bulkhead. Since 
double fillet welds are used, this means that each frame or bulkhead 
has 404 linear feet of fillet weld. Presently the weld size used 


for the transverse bulkhead is 3/16 inch from the base line to the 
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МОТ SHOWN ARE: 


154 TRANSVERSE 
FRAMES 
15 TRANSVERSE 
BULKHEADS 





FIGURE 14.1. A DIAGRAM OF THE SHIP MODEL USED FOR THE ECONOMIC 
IMPACT STUDY 
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first platform and 1/8 inch from the first platform to the main 
deck. These same sizes are used for typical transverse frames. 

From the computer analysis as discussed in section XI, we 
have seen that it might be possible to reduce the weld size for 
the transverse bulkhead joint as shown in Figure 9.1 by at least 
30%. 

For the economic impact study, we will assume that the welds 
that are presently 3/16 of an inch can be reduced by 33.3% to 1/8 
inch. This means that 256 linear feet of fillet weld per frame 
are assumed to be reduced to 1/8 inch. Since there are 154 frames 
and 15 bulkheads, the total length of fillet weld that would be 
involved in the reduction is 43,264 feet. Since a 1/8 inch weld is 
rather small for manual Vine, we will use some industrial data 
for Co, solid wire welding as was done in section XIII. А plot 
of arc time versus weld size can be seen in Figure 14.2. 

Since there is data for two current ranges using the 0.8 mm 
electrode, we will calculate the arc time difference for both 
ranges. As can be seen in Figure 14.2, the arc times for the 
3/16 inch fillet weld are 3.48 and 2.07 minutes per meter for 
the lower and higher currents respectively, while the arc times 
for the 1/8 inch fillet weld are 1.60 and 0.93 respectively. 

This results in arc time differences of 1.88 and 1.14 minutes 
per meter respectively. For our ship model having 43,264 feet 
of weld that possibly could be reduced, this gives us an arc time 
savings of between 250 and 413 hours. If we use a 50% operating 


factor, this gives us a man hour savings of between 500 and 826. 
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Using the same labor and overhead rate that was used in section 
XIII, namely $12.00 per hour, leads us to a savings of between 
$6,000 and $9,912. While this seems like a small amount, we 
must remember that this only takes into account the transverse 
welds that join bulkheads and frames to the skin of the ship. 
It should be obvious at this point that there are many other welds 
that might possibly be reduced and, thus, increase this estimated 
savings tremendously. Just a glance at the model shown in Figure 
14.1 demonstrates this fact, 

As more results are known as to what welds are presently 
conservative and by how much, future researchers will be better 
able to predict the man-hour savings that a reduction in the welding 


requirements would have in the construction of a ship. 
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XV RECOMMENDATIONS AND CONCLUSIONS 


We have reviewed some of the work that has been done in the 
field of strength of fillet welds. This included static strength, 
fatigue strength, and shear strength. We have seen, for example, 
that a transverse weld is approximately 44% stronger than a 
longitudinal weld and that the fatigue strength of welded con- 
nections is independent of the tensile strength of the members 
employed in the connection. Since fatigue strength is one of 
the major factors in a fillet weld, studies have investigated 
various treatments to improve the fatigue strength. It has been 
found that both local machining and peening improve the fatigue 
strength of fillet welds if it is properly done. 

The fatigue strength of a joint is not normally increased by 
increasing the weld size. 

We have found that most of the relationships that are used 
by designers to determine the allowable design stress for joints 
are modifications of the Von Mises equation. Also when the 
designer specifies the required weld size, he should be aware of 
the fact that the fillet weld that is found connecting two structural 
members on a ship may not look at all like the ideal model weld 
that is used to analyze the strength of fillet welds. 

We have discussed a proposed system for analyzing the 
strength of fillet welds. This is an algorithm approach which 
can be easily computerized. A brief explanation of this system 
can be found in section VII. 


We will now recommend values for some of the incremental 
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lncreases in weld size, di. These recommendations are based 
upon the joint between a transverse bulkhead and the ship's 
hull plating as shown in Figure 9.1. The results found from the 
computer analysis, as discussed in section XI indicate that a 
reduction of at least 30% is possible in the weld size of this 


Joint. This gives us a d, of 0.125 inches. The d, value will be 


1 2 

zero because in most cases increasing the weld size does not 
improve the fatigue strength of a joint. We will also set des 
di, and = equal to zero because we will assume that the welding 
is carried out under good conditions by a qualified welder. 

This brings us to the environmental d,'s. 

For d¿, we will assume 0.0125 inches (10% of d,) for a 
general corrosion margin since we will assume that this joint is 
not in a location where bilge water sloshes around, and, thus, we 
do not need a full 1.5 mm. This assumes that the weld metal and 
the base metal have the correct polarity. If the joint were in 
a location where there was dry air, we would set de equal to 
zero. Since a corrosion margin is not the best way of combating 


local corrosion, we will set d, equal to zero and encourage 


I 
designers to use proper design methods to avoid local corrosion 
where possible. Based on the assumption that proper welding 
techniques are followed and quality assurance procedures are 
followed and that the structure in which the weld will be used 
is not a completely new design with many unanswered questions, 


we will set аз, Чо, and d equal to zero. 


10 


By summing the 4, 5, we obtain a recommended weld size of 
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0.1375 inches; whereas, the current specifications call for 0.1875 
inches of weld. This is 36.4% more than what we obtained based 
upon the purposed system for determining fillet weld strength. 

In reviewing the current welding specifications, we have 
seen the similarity between these specifications and those used 
for joints employing rivets as the joining medium. This may 
indicate that there is room for improvement in some areas of 
the current specifications. 

We have just discussed only one of the many typical joints 
that are involved in the construction of ships. Much more work 
needs to be done in this area. Now that the computer model has 
been developed, the next step is to select a ship which has been 
recently designed with the aid of a computer. The reason for 
this is to be able to readily obtain not only the detailed joint 
geometry of many typical joints that are in various locations in 
the ship, but also the local loading of the structural members 
that make up the joint. This loading information is more precise 
than the loads that were obtained by the method of structural 
analysis that was used in this study. 

With this information, future researchers can easily employ 
the computer model to study a large sample of joints at various 
locations in the ship to obtain a better general picture as to 
whether current fillet weld specifications are too conservative 
and the areas where concentrated effort is warranted in the attempt 
to minimize excess conservatism in weld size requirements. 


After obtaining a better general picture, a much more 
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precise economic analysis as to the overall manhour and cost 
savings that could result from the reduction, where possible, of 
the weld size requirements regarding the construction of ships 

can be made. We have seen that there is a potential savings there 
waiting to be discovered. A good source of data for a computer- 
aided designed ship is the American Bureau of Shipping, which 

has a computer program for vil tankers. 

Another area that should be developed is that of the fatigue 
strength of fillet welds. A computer program can be developed for 
fatigue analysis. 

Getting back to the question at hand, namely, "Are current 
fillet weld specifications too conservative?" the answer is 
definitely "Yes, some are." Future work will make it possible 


to eliminate or minimize the excess conservatism. 
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APPENDIX 


A SAMPLE COMPUTER OUTPUT FOR THE CASE OF 
A 30 PERCENT REDUCTION IN THE SPECIFIED WELD SIZE 
FOR THE TRANSVERSE BULKHEAD JOINT (FIGURE 9.1) 
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